Abstract: This study focuses on the effect of climatic and geographical factors on the performance of photovoltaic systems. For this purpose, 4 different cities (Antalya,İstanbul, Elazıg, and Erzurum) from different climatic zones according to TS 825 Thermal Insulation Requirements in Buildings were selected. The monthly average global and diffuse solar radiation of the cities was calculated numerically with the long-term sunshine duration data (between 1990 and 2012) taken from the Turkish State Meteorological Service. The yearly electric energy generated by the gridconnected photovoltaic systems assumed to be located on the flat roofs of building samples were calculated for each of the cities. PVsyst 6.2.6. software was employed for the calculation of yearly energy yield. Consequently, the maximum photovoltaic output was achieved in Elazıg and the minimum inİstanbul. The optimum tilt angles for Antalya,İstanbul, Elazıg, and Erzurum were obtained as 32
Introduction
As a developing country, Turkey meets its energy needs with nonrenewable (fossil) energy sources like natural gas, coal, and fuel oil. Hence, studies concerning energy generally include measures for the efficient use of these energy sources [1] [2] [3] [4] [5] [6] . However, significant benefits can be achieved by replacing the use of fossil fuels, which are expensive, at risk of depletion, and cause pollution. While the search for solutions of the energy and ecological problems of the 2000s is still continuing, the sun is at the forefront of renewable sources.
Photovoltaics (PV), the technology that converts solar energy to electrical energy, has the potential to become very common in the near future. Developments in the technology that increases efficiency and reduces costs have given rise to the use of PV in water pumping, solar home systems, communication, satellites, largescale power plants, etc. [7] . High power capacity per unit weight, silent operation, no need for an active cooling system, and easy installation are the main advantages of PV technology [8] . Building-integrated photovoltaics (BIPV) is one recent solution for buildings' electric energy requirements. The system can be installed on roofs (flat/slope), façades, and shading systems of buildings [9] .
In the literature, Oluklulu [10] searched the usability of PV modules by investigating the development and production structure of the energy sector, both in Turkey and on a global scale. Ç elebi [11] presented the possibilities of PV mounted vertical building envelopes in terms of basic design rules. Tian et al. [12] * Correspondence: bbektas@firat.edu.tr investigated the effect of urban climate on the performance of PV modules and evaluated the PV power output with 3 different models by comparing the results with PV modules in rural areas. Peng et al. [13] discussed problems of existing BIPV structures. They gave insight into preferences for building integrated or attached PVs. Finally, they suggested a PV building structure that provides for effective maintenance and replacement of the PV elements. Urbanetz et al. [14] compared the annual power generation of a curved BIPV on the rooftop of a carport with an ideally oriented and tilted BIPV system installed on a building's roof at 27
• S latitude. They found that the curved BIPV produced 12% less energy than the latitude-tilted one. Yoo et al. [15] used BIPV as both a solar shading component and a power generation element. Thus, they achieved reduced cooling loads through a sunshade PV panel and found that the ideal tilt of the photovoltaic array in Gihung, Korea, may not be practical when aesthetics, cost, and safety are considered. Glassmire et al. [16] investigated the effects of PV on electricity consumption requirements and cost at a large-scale facility. Kateris et al. [17] presented a calculation model for forecasting solar-suitable roof areas in Greece. After analyzing 129 representative buildings with actual measurements, they validated the developed model with 80 building samples and showed that the model was efficient and provided reliable results. Ioannou et al. [18] developed a design methodology for the optimum configuration of photovoltaic rows installed on rooftops by considering the impact of solar and dimensional parameters on power generation. They supported their work with a case study. Masa-Bote and Caamon-Martin [19] improved a model for predicting the electricity production of BIPV systems, which takes shading losses into account. The validation of the method was done with real data taken from 2 similar PV systems placed on the southern façade of the Technical University of Madrid. Kulaksız [20] suggested an ANFIS model to estimate equivalent parameters of PV modules such as series resistance, shunt resistance, and diode ideality factor. Güney and Onat [21] designed an automatic voltage regulator fed by PV cells used to excite a synchronous generator. They also supported their system with a real-life system application by examining its steady-state performance.
Studies concerning PV technology in Turkey generally deal with local samples. The novelty of this study is in looking at the issue from a wider perspective and the examination of system performance variations due to climatic and geographical factors. The objective of this paper is to investigate the potential of different PV technologies and optimum tilt angles of PV plants due to the climatic and geographical conditions of Turkey. In Turkey, there are 81 provinces; it is hard to determine the optimum PV system potentials for all of these locations. In order to limit the application study, we chose representative locations. Although the cities (Antalya,İstanbul, Elazıg, and Erzurum) were selected randomly, 4 different climatic regions, as determined in TS 825 Thermal Insulation Requirements in Buildings [22] , were taken into consideration. During the selection process, we attempted to select cities located at different latitudes and as far from each other as possible, which represented the characteristics of each climatic region. The monthly global and diffuse solar radiation for all of the cities was calculated numerically with a computer program written in MATLAB by using daily sunshine duration data for a 22-year period (between 1990 and 2012) taken from the Turkish State Meteorological Service. The electrical energy generation of the PV installations was calculated with PVsyst 6.2.6 software. Five different PV technologies were employed to evaluate the PV electrical energy output. The annual electric energy production of PV plants was identified for different tilt angles varying between 0
• and 50
• with 5
• steps. For determining the exact values of the optimum tilt angles, the same procedure was used for the refined search among tilt angles between 25
• and 45
• with 1 • steps.
Case study
As a case study, the possibilities of grid-connected PV systems located in 4 different cities in Turkey from different climatic and geographical areas are presented. Climate zones (according to TS 825 Thermal Insulation Requirements in Buildings) and certain data of the selected cities can be seen in Table 1 . The PV systems whose energy outputs were calculated were assumed to have been installed on flat roofs of buildings. The available area for the PV installation was considered to be 500 m 2 for each of the samples. The simplified schema of the PV plants is presented in Figure 1 . Engineers and architects need accurate solar radiation data for enhancing and sizing photovoltaics [23] . It is a vital factor that affects system performance. In this study, the hourly solar radiation of each location was calculated with the numerical method given in a previous study [24] . Daily sunshine duration data of the cities for a period of 22 years between 1990 and 2012 were taken from the Turkish State Meteorological Service. Solar radiation calculations were carried out with a computer program written in MATLAB R2012a software [25] . The monthly average values of global and diffuse radiation on horizontal surfaces of the selected cities are shown in Figures 2 and 3 , respectively. The monthly average ambient temperatures of the representative cities are given in Table 2 . Premodule losses such as dirt and snow were disregarded during the calculation period.
The default values of premodule losses (0%) were employed for each of the city samples.
A wide variety of PV units produced with different technologies are available today. In this study, commercial modules of 5 different PV technologies on the market (monocrystalline silicon, si-mono; polycrystalline silicon, si-poly; copper indium diselenide, CIS; cadmium telluride, CdTe; and amorphous silicon, a-si) were considered. The technical details of the PV modules are given in Table 3 . Siemens Sinvert PVM UL inverters were used in the simulations. The power output of the triphase 60-Hz inverter is 12 kW and it is capable of delivering over 98% peak efficiency. Minimum peak power voltage is 125 V and maximum peak power voltage is 450 V. 
PVsyst software
The yearly energy production of the installed PV systems was calculated with PVsyst 6.2.6 software [26] . It is based on a one-diode model and capable of performing simplified or detailed analysis. This program is an effective tool in sizing, simulating, and analyzing PV systems [27] [28] [29] . It was developed by the University of Geneva (Switzerland) and is regarded as a reference in the sector. Although Meteonorm software can generate meteorological data for locations and this file can be used in simulations, the meteorological data (monthly average global and diffuse solar radiation on horizontal surfaces, and monthly mean ambient temperature) used in this study were entered into the program manually. The program has a large database of PV modules, inverters, and batteries either available or out of circulation.
PVsyst calculation method
PVsyst uses Shockley's one-diode model in describing the operation of a PV module [29] . The model consists of a linear independent current source in parallel to a diode, a series (R s ) , and a shunt resistance (R sh ), as shown in Figure 4 .
The main expression for determining the general one-diode model is written as given below [27] :
where I is the current supplied by the module (A), I o is the inverse saturation current, depending on the temperature (A), and I ph is the photocurrent (A) proportional to the irradiance G, with a correction as a function of T c , the effective temperature of the cells (K). q is the charge of the electron ( = 1.602 × 10 The photocurrent varies proportionally with the effective irradiance level and the cell temperature. The model postulates that the photocurrent is proportional to the irradiation. Variation of photocurrent due to temperature is low. Thus, I ph is determined with the values given for reference conditions:
where G and G ref are effective and reference irradiances in W/m 2 , respectively. I phref is the reference photocurrent in amperes. T cref is the reference cell's temperature (K). mu ISC is determined as the temperature coefficient of the short-circuit current. The expression of the diode's reverse saturation related to the temperature is given in Eq. (3). E gap is the gap's energy of the material. In this study, it is employed as 1.12 eV for crystalline silicon, 1.03 eV for CIS, 1.5 eV for CdTe, and 1.7 eV for amorphous silicon.
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The electrical performance of PV systems is strongly influenced by the thermal behavior of the field. This situation is defined by an energy balance between ambient temperature and cells heating up:
where α is the absorption coefficient of solar radiation and is assumed as 0.9 in this study. η is the efficiency (%), and U is the thermal loss factor (W/m 2 K). U is composed of a constant factor (U c ) and a factor proportional to the wind velocity (U v ) , and expressed as follows. V in the equation is the wind velocity in m/s.
In this study, default values of the PVsyst software proposed for free-standing arrays, U c = 29 W/m 2 K and U v = 0 W/m 2 K/m/s, are used. As mentioned in Section 2, the monthly average global solar radiation data on horizontal surfaces were entered manually. The effective solar radiation on the tilted PV cell surface (G) is the sum of beam, diffuse, and reflected components of the solar radiation. PVsyst uses Hay's model [30] for the calculation of the beam component and the Liu and Jordan model [31] for the diffuse components. The reflected component is calculated in relation to the albedo coefficient.
The fundamental formula for the calculation of the electrical energy generated by the PV plant (E P V (kWh)) is given in Eq. (5), where PR is the performance ratio (given in Eq. (7)) and P n is the nominal power of plant at standard test conditions (kW).
where k θ is the optical reflection reduction factor, k Q is the quantum efficiency reduction factor, k βI is the low irradiance reduction factor, kγ is the module temperature reduction factor, k w is the wiring losses reduction factor, k s is the soiling reduction factor, and η inv is the inverter conversion efficiency.
Results and discussion
The annual electrical energy generated by the grid-connected PV plants was calculated for 11 tilt angles from 0 • to 50 • with 5
• steps. Five different PV technologies (si-mono, si-poly, CIS, CdTe, and a-Si) were employed separately. As seen from Figures 5-9 , the maximum system outputs were obtained with tilt angles varying between 25
• . For determining the exact optimum tilt angles for each of the locations, the annual system production data between 25
• with 1 • steps were calculated. In order to shorten the refined search process, only monocrystalline technology was considered, because the maximum solar radiation and maximum power output associated with this parameter are obtained by the optimum tilt angle. Hence, the optimum tilt angle is the same for all PV technologies. The results for the selected cities are shown in the charts given in Figure 10 . In many studies [32, 33] , it has been claimed that the tilt angle should be equal to the local latitude for gathering the maximum output throughout the year. As can be seen from Figure 10 , annual system production peaks at the 32 • slope angle for Antalya and Elazıg, at 35
• for Erzurum, and at 36
• forİstanbul.
All of the maximum power generations for the selected cities occurred at different tilt angles from the latitudes.
Although the installed capacities for the same installation area are different, the maximum annual energy yield is achieved with si-mono technology. This technology is approximately 32.5% more effective than si-poly technology according to the results of this study. The annual electric energy generated with this technology is greater than that of the PV plants using CIS, CdTe, and a-si technology at average rates of about 39%, 49.6%, and 149% respectively for all representative locations.
The maximum output of monocrystalline silicon-based PV plants for the cities located at different latitudes varies between 124.4 MWh and 108.1 MWh. Although Antalya is closer to the equator and therefore expected to obtain much more energy, the maximum energy yield was obtained at 38.4
• N in Elazıg. As it is known that an increase in the PV module temperature has a negative effect on energy output, the high average ambient temperatures in the Antalya region decreased the system performance. If the monthly average ambient temperatures of Antalya and Elazıg were the same, the energy production would be more than 2.17% of the annual electricity production compared to the current situation. To see the effect of temperature on system performance, the electrical energy production of a monocrystalline PV plant installed in Antalya was calculated for different ambient temperature increases. the annual production was reduced by 2.5%, 4.6%, 6.9%, 9.2%, and 11.1%, respectively. The monthly system outputs depending on ambient temperature increases are shown in Figure 11 . For polycrystalline technology, the electrical energy generated in Antalya, Elazıg, and Erzurum was 93. 16 MWh, 96.09 MWh, and 91.17 MWh, respectively. However, the peak power output inİstanbul was 81.43 MWh; this value is nearly 9.45% lower than those of the other cities.
When the results achieved with CdTe are evaluated, it is seen that the system production decreases to 83.5 MWh in Antalya, 71.7 MWh inİstanbul, 85.2 MWh in Elazıg, and 79.8 MWh in Erzurum. Among the different technology alternatives, the lowest electric output is obtained with amorphous silicon technology. The results are 59.84%, 46.82%, 44.19%, and 39.90% less than the outputs obtained from si-mono, si-poly, CIS, and CdTe PV plants, respectively. These values are nearly half of the yearly electricity production of the other PV technologies.
When the gradation of the cities in PV power generation are evaluated, it is seen that latitude is an important parameter in terms of solar radiation. However, in some special situations, climatic conditions such as ambient temperature (especially high temperatures) will have a greater effect, as seen in the case of Antalya.
Istanbul is warmer than Erzurum throughout the year, but Erzurum is located at a lower latitude thanİstanbul.
Thus, the solar radiation intensity and the PV output energy in Erzurum are greater than those ofİstanbul.
Specific production of the installation is an important indicator that shows the potential of the system by considering radiation conditions like orientation, location, and meteorological data. PV installations comprising different types of PV technologies have different installed powers due to the selected module dimensions and module powers. Hence, the nominal powers of each of the PV installations differ from each other. As the specific production is obtained by dividing the produced energy into the nominal power of the array, CIS technology provides the maximum specific production related to its proportionally low nominal power. The specific production rates of the PV installation samples for the selected cities are given in Table 4 . It is seen from the table that the highest performance was also achieved with CIS technology as compared with the other alternatives. The performance ratio is a useful quality factor and independent from irradiation, and it does not represent the amount of produced energy. It quantifies the overall effect of premodule losses (shadows, dirt, snow, and reflections), inverter losses, thermal losses, and conduction losses. These values can be improved by making some restorations in the system. When the performance rates determined for the optimum tilt angles for each of the city samples are ranked (Table 4) , the lowest performance rates were obtained in Antalya and the highest in Erzurum. As all the system components are the same in all of the PV installations in each of the cities, this situation could only have been caused by temperature losses. Elazıg andİstanbul follow Antalya, respectively.
In order to evaluate the effect of altitude on PV energy generation, a numerical application was performed. As solar radiation is directly proportional to the energy output, the solar radiation on horizontal surfaces at different altitudes was calculated numerically. The sunshine duration and geographical location ofİstanbul were employed for the determination of monthly average solar radiations at different altitudes varying between 0 m and 1000 m ( Table 5 ). As shown in the table, a 500-m increase in altitude causes on average 2.8% and 1.5% more solar radiation in winter and in summer, respectively. A 1000-m increase causes 5.5% increase in winter and 3.1% in summer. The distance that the solar radiation has to pass through shortens, and the losses caused by this path therefore decrease. Thus, the PV installations at high altitudes are more productive than the ones located at low altitudes. There are many manufacturers from Europe, Japan, India, and China in the market. This situation makes it difficult to make assessments about the costs. The unit prices of PV technologies decrease day by day in relation to reductions in processing cost and improvements in conversion coefficients. Figure 12 shows a downward trend in the cost of photovoltaic technologies. Nowadays, it is known that the unit prices of each of the mentioned technologies are under $1. The cost for the thin-film is no longer available as the market is commercially sensitive. These data can be derived from market studies that are generally provided by different organizations. Prices from September 2013 can be seen in Table 6 . During the design stage, while choosing the appropriate PV technology, costs must be considered both with the available area for the installation and the required nominal power of the PV system.
Conclusion
In this paper, the behavior of grid-connected PV systems in different climatic zones and geographical sites of Turkey are investigated. The annual energy yield of 5 different PV technologies (si-mono, si-poly, CIS, CdTe, and a-si) were calculated for the same locations, and their performances were compared for different tilt angles. The geographical position of the location (latitude) is an important indicator for PV power output.
However, in some cases, the climatic conditions (especially ambient temperature) will be fundamental in performance determination. Maximum energy output was achieved in Elazıg (38.4
• N), and the minimum energy output was produced inİstanbul (40.58
• N). The maximum power generation was achieved with si-mono technology for each of the selected cities. It was determined that an increase in elevation leads to obtaining much more solar radiation and PV electric energy production.
The annual tilt angles of the modules are determined as 32
• for Antalya and Elazıg, 35
• for Erzurum, and 36
• forİstanbul. However, adjusting the slope of the modules monthly or seasonally (for summer and winter conditions) due to the position of the sun would be more effective.
